The TORCH time-of-flight detector is designed to provide particle identification in the momentum range 2 − 10 GeV/c over large areas. The detector exploits prompt Cherenkov light produced by charged particles traversing a 10 mm thick quartz plate. The photons propagate via total internal reflection and are focused onto a detector plane comprising position-sensitive Micro-Channel Plate PhotoMultiplier Tubes (MCP-PMT) detectors. The goal is to achieve a single-photon timing resolution of 70 ps, giving a timing precision of 15 ps per charged particle by combining the information from around 30 detected photons. The MCP-PMT detectors have been developed with a commercial partner (Photek Ltd, UK), leading to the delivery of a square tube of active area 53 × 53 mm 2 with a granularity of 8 × 128 pixels equivalent. A large-scale demonstrator of TORCH, having a quartz plate of dimensions 660 × 1250 × 10 mm 3 and read out by a pair of MCP-PMTs with custom readout electronics, has been verified in a test beam campaign at the CERN PS. Preliminary results indicate that the required performance is close to being achieved. The anticipated performance of a fullscale TORCH detector at the LHCb experiment is presented.
Introduction
TORCH is a Time of Flight (ToF) detector which aims to improve low momentum (2 − 10 GeV/c) Particle Identification (PID) for the LHCb experiment [1, 2] . The TORCH detector consists of an array of quartz radiator plate optically coupled to focusing optics at one end, shown in Fig. 1 . When a charged particle passes through the 10 mm thick radiator plate, Cherenkov photons are generated and subsequently trapped by total internal reflection, some travelling to the top of the plate. Here, the focusing optics map the photon angle in the y-z plane to y position on the detector, with y rotated 36
• from the y-axis (see Fig.  1 ). Combined with tracking information, this mapping allows the Cherenkov angles to be determined. The position and time of arrival of the Cherenkov photons are measured by custom-designed Micro-Channel Plate Photo-Multiplier Tubes (MCP-PMTs) [3] developed by Photek Ltd (UK). These are square tubes of active area 53 × 53 mm 2 with a granularity of 8 × 128 pixels-equivalent 1 in x and y respectively, read out by electronics employing the NINO and HPTDC chipsets [4, 5] . Combining information from all detected photons, the arrival time of the incident particle can be found, and the photon time of propagation and particle time of flight determined.
TORCH is proposed for the Upgrades Ib and II of the LHCb detector and will consist of eighteen 660 × 2500 × 10 mm 3 modules positioned approximately 9.5 m from the interaction region. Over this distance, the difference in time of flight between pions and kaons at 10 GeV/c is ∼ 35 ps, requiring a track timeresolution of 15 ps for their clean separation. Expecting 30 detected photons per particle, this requires a single-photon timing resolution of 70 ps.
The Test Beam Campaign
In October 2018, a full-width, half-height (660 × 1250 × 10 mm 3 ) prototype module (named Proto-TORCH) was demonstrated at the CERN PS East Hall T9 facility, with the aim of measuring the single-photon timing resolution and photon counting efficiency. Whilst Proto-TORCH has provision for 11 MCP-PMT detectors, only 2 were instrumented in the first phase of tests described here, located on the left-hand edge when viewing Proto-TORCH from its front face. Proto-TORCH was mounted on a table, moveable with respect to the beam, and data were taken with the beam incident at various positions on the radiator plate. For all positions, the radiator plate was tilted back by 5
• from the vertical to put the photon pattern at a more favourable place on the detector. Fig. 2a shows a raw hit-map recorded with the beam striking the radiator plate at its horizontal mid-point, 135 mm above the bottom face. The count rate is lower on the left-hand MCP-PMT due to it having a lower quantum efficiency than the second, as shown in Fig. 2b . Empty channels are attributed to NINO chip wire bonds which are unconnected, or to contact issues in the MCP-PMT. Those channels marked with a cross are deliberately removed to allow the injection of signals from a pair of time reference stations.
The two time reference stations are each constructed from thin borosilicate bars, positioned approximately 11 m apart. Each produces Cherenkov light which is detected by a single-channel MCP-PMT. In addition to providing a start time, t 0 , for Proto-TORCH, they also provide an independent time of flight measurement which can be used for PID of the beam, composed of approximately 46:54 pions:protons at a momentum of 8 GeV/c. The beam infrastructure also includes a pair of Cherenkov counters, which provide an alternative source of PID, and a beam telescope to measure the beam profile.
Time Resolution
The single-photon time resolution of Proto-TORCH is determined by comparing the detected time of arrival for a photon with that predicted from reconstruction. Fig. 3a shows an example of a scatter plot of the arrival times of photons as a function of the hit pixel number in the y direction for a single MCP-PMT column. The results presented here are preliminary. The overlaid lines show predictions for the various orders of photon reflections, calculated from the incident beam position and momentum, and match the photon paths shown in Fig. 3b . The difference of measured and predicted arrival times results in a residual distribution, an example of which is shown in Fig. 4 . The tail of the distribution is attributed to backscattering of primary photoelectrons in the MCP-PMT and imperfectly calibrated electronics channels. The width is extracted through a fit, giving the time resolution of the measurement, σ measured . The intrinsic single-photon time resolution of TORCH, σ T ORCH , is then given by σ
where σ timeref is the resolution of the t 0 time reference against which Proto-TORCH time-stamps are measured, and σ beam is a contribution due to the spread of the beam. This beam correction term is necessary because the time-ofarrival prediction assumes particles enter the radiator plate at a single position. Determined by combining measurements of the beam profile and simulation, and depending on the position of the beam on the radiator plate, the value of σ beam ranges from 12.1 ± 0.3 ps to 32.5 ± 0.9 ps. Measurements of the timing resolutions are made with the beam incident 5 mm from the side edge of the quartz plate, directly below the MCP-PMTs. This side is chosen over the horizontal midpoint to aid in the separation of different orders of reflection. Currently only the more efficient MCP-PMT is used in the analysis, and the resolutions are determined separately for incident protons and pions, and also for each MCP-PMT column. Fig. 5 shows the average, and standard deviation, of the resolution measurements over the MCP-PMT columns as a function of vertical displacement, for protons and pions. The best achieved time resolution is 89.1±1.3 ps. The resolution is marginally better for protons than pions, attributed to the proton sample being slightly purer than the pion sample. A degradation in time resolution is seen with increasing photon path length in the quartz, and this effect is under investigation.
Whilst a time-walk correction is already incorporated, the main factor currently limiting the resolution is the calibration for the time-over-threshold response of the NINO chip which yet needs to be introduced. Work is underway to incorporate a charge to signal-width calibration, providing a correction not only to the photon time of arrival but also the spatial positioning.
Photon Counting
To investigate the photon counting efficiency of Proto-TORCH, the number of photons observed in data is compared to simulation. Optical processes are modelled by Geant4 [6] , while custom libraries are used to model the detector response and readout electronics. Both MCP-PMTs are used in the counting measurement, with the quantum efficiencies displayed in Fig. 2b as input. Fig. 6 shows the number of photons per incident particle in data for different vertical positions on the radiator plate compared to simulation. For beam position (a), located just below the MCP-PMTs, good agreement between data and simulation is observed. Moving down the plate, approximately 65 % more photons are seen in simulation than data. This indicates a loss of photons, possibly due to local surface scattering somewhere below the top point, and this effect is currently under study.
A geometrical factor of ∼ 6 increase in the number of photons is expected when scaling up the 2 MCP-PMTs, tested here, to a full module of 11. The final tubes can also be expected to have significantly better quantum efficiency on average than the tubes used in the test beam, bringing the photon yield towards the desired 30 photons per event.
PID Performance
The expected PID performance of the final TORCH detector in the LHCb experiment has been simulated. A 5 × 6 m 2 area of quartz radiator is assumed, divided into 18 modules, each read out with 11 MCP-PMTs. At the present time the simulation is stand-alone, with events (and background) from the full LHCb simulation [7] used as input to model the behaviour.
A PID algorithm has been developed based on the delta log likelihood approach employed for the LHCb RICH detectors [8] . For each track incident on the radiator plate, a pattern of MCP-PMT hits is generated for each mass hypothesis. The detected hits are then compared to these patterns, and the combination of hypotheses which gives the greatest improvement in log-likelihood (∆LL) is chosen as the preferred set of particle types.
Pion-kaon and kaon-proton separation efficiencies and misidentification fractions have been investigated. Events generated with at least one B meson at a luminosity of L = 2 × 10 33 cm −2 s −1 , including pile-up interactions, were used. This corresponds to the conditions expected at Run 3 of the LHC. TORCH has excellent separation power in the momentum range of interest (2 − 10 GeV/c) for all particle types, demonstrated in Fig. 7 . For the pion-kaon case, the efficiency is excellent up to 10 GeV/c, beyond which some discrimination power remains; for the kaon-proton case the separating power extends up to 15 GeV/c and beyond.
Work is currently ongoing to simulate TORCH in LHCb up to luminosities of L = 2×10 34 cm −2 s −1 (i.e. in Upgrade II conditions [9] ), as well as to implement TORCH into the full LHCb Monte Carlo framework.
Conclusions
A half-sized TORCH module with a 660 × 1250 × 10 mm 3 radiator plate has been tested in an 8 GeV/c mixed proton-pion beam at the CERN PS. The demonstrator employed customised 53×53 mm 2 MCP-PMTs with 8×128 pixelequivalent granularity. Time resolutions have been measured which approach the desired 70 ps per photon, and improvements are anticipated with further calibrations of the electronics system. Photon yields are approximately 65 % of expectations, photon-path dependent, and which are the subject of further study. Simulations of TORCH in the LHCb experiment show that efficient pion-kaon and kaon-proton discrimination can be achieved up to 10 GeV/c and 15 GeV/c, respectively. -400 -600 -800 -1000 
